Carbon dioxide Lipids a b s t r a c t Scenedesmus obliquus, Chlorella vulgaris, Chlorella kessleri and a natural Bloom were cultivated in batch experiments, under controlled conditions, in urban wastewater (WW) and synthetic wastewater (SW) under 5% CO 2 in air, with the object of estimating their capacity for nutrient removal, carbon dioxide biofixation, and generation of valuable biomass. In both culture media, the Bloom (Bl) and Scenedesmus (Sc) showed higher final biomass concentration (dried weight, dw) than the other species; the maximum yield obtained was 
Introduction
Currently the high rate of urban population growth is generating very large amounts of waste that must be treated before discharge. Wastewater (WW) and greenhouse gases (GHG) e mainly carbon dioxide (CO 2 ) e are two of the main wastes that pose a major challenge to global environmental sustainability.
Considering first the problem of WW, a relatively new requirement for wastewater treatment plants (WWTP) is the capacity to remove high concentrations of nutrients, in particular, nitrogen and phosphorus, which otherwise present a serious risk of eutrophication when those nutrients accumulate in rivers and lakes. Eutrophication causes an accelerated growth of algae and plants, leading in turn to an undesirable disturbance to the balance of organisms present in the water, and to deterioration of water quality. The European Commission Directive 98/15/EEC established the requirements for water discharges from urban WWTPs to sensitive areas (those with high eutrophication risk), setting total nitrogen (TN) in 10 mg L À1 and total phosphorus (TP) in 1 mg L
À1
. Currently a wide range of techniques is available for WW nutrient removal, such as Bardenphro, A2O, and UCT. Most of the studies are based on physical-chemical and mainly biological processes, where different combinations of anaerobic, aerobic, and anoxic zones are required. These processes generally entail high investment and operational costs, complex operations and large volumes of waste sludge production. Undoubtedly, the main disadvantage is the difficulty in simultaneously remove TN and TP with these processes.
Microalgae can simultaneously grow in WW and produce valuable biomass while they remove organic carbon and inorganic nutrients (nitrogen and phosphorus) from the WW, therefore microalgae can play a very important phytoremediation role, particularly during the final tertiary treatment phase of the WWTP (Oswald et al., 1957; De la Noü e and De Pauw, 1988; Tredici et al., 1992; Oswald, 1995; Gonzá lez et al., 1997; Mallick, 2002) . The treatment of WW with microalgae offers many advantages over conventional treatments:
(1) nitrogen and phosphorous can be converted into biomass without any external source of organic carbon; (2) Nitrogen and phosphorus are removed from WW simultaneously (3) the effluent discharged into receiving water bodies is oxygenated; and (4) high-value products can be extracted from the biomass generated such as protein and lipids.
From the other hand, GHGs in the air are dramatically accumulating in the atmosphere as a result of human activities and industrialization, CO 2 is the main GHG (IPCC, 2001) . The increase in atmospheric CO 2 derived from fossil fuel combustion poses a very serious threat to worldwide environmental sustainability. Various CO 2 mitigation strategies have been investigated, including fixation technologies such as: (1) chemical reactions such as washing emissions with alkaline solutions; (2) deep injection of sequestered gas (underground, in the ocean depths); and (3) biological processes, by means of autotrophic organisms. The last one has attracted much attention as an alternative strategy; biological mitigation of CO 2 can be carried out by plants and photosynthetic microorganisms, but microalgae and cyanobacteria can grow much faster than the terrestrial plants, resulting in a CO 2 conversion efficiency about 10e50 times higher than terrestrial plants (Li et al., 2008) . Microalgae are one of the most important bioresources that are currently receiving a lot of research attention, for many reasons. The organic matter produced by photosynthetic microalgae and cyanobacteria can be transformed into a wide range valuable products, such as pharmaceuticals, food additives and other health-care products (Pulz and Gross, 2004) . Microalgae also represent an interesting alternative to the production of third generation biofuels (Brennan and Owende, 2010; Chisti, 2007) .
Therefore, the aims of the study reported are to evaluate the growth, consumption of nutrients and carbon dioxide assimilation kinetics of three widely-used microalgae, Chlorella vulgaris, Chlorella kessleri, Scencedesmus obliquus and a natural bloom, each cultivated in two different culture media (urban wastewater and synthetic wastewater).
2.
Material and methods
Microalgae strains
The microalgae strains used in this study are Scenedesmus obliquus (Sc) (SAG 276-10), C. vulgaris (Cv) (SAG 211-12), Chlorella kessleri (Ck) (SAG 211-11) from the Algae Culture Collection (SAG) of the University of Gö ttingen (Germany), and a natural algal bloom (Bl) isolated from the Guadalete river, downstream from the effluent of the urban WWTP of Arcos de la Frontera (Latitude: 36,749 , Longitude: e5.793 , Spain). Bl was obtained after filtering the river water sample through a fiber filter of 0.45 mm pore diameter (PALL Corporation, Type A/E) and enriching it with 10 folds Combo medium (Kilham et al., 1998 ). The air bubbled into the cultivation was enriched with 5% CO 2 (Abello Linde S.A). The enriched aeration kept the reactor under completely mixed conditions, preventing cell sedimentation, and also provided input of inorganic carbon. A set of 6 fluorescent lamps (3 Sylvania GroLux F57W and 3 Philips TLD 58W) were used as the light source, providing 250 mmol cm À2 s
À1
, measured with a Hansatech QRT1 Quantitherm light meter. The assays were conducted inside a climate chamber at a controlled temperature of 20 AE 1 C and a 14/10 light/dark photoperiod. At the beginning of the experiment all reactors were inoculated with a calculated volume of microalgae in order to obtain a similar initial concentration of biomass in all assays (initial optical density at 680 nm between 0.15 and 0.20). For each test media, the assay was run in a control reactor containing the culturing media but without microalgae, in order to study physicalchemicals changes during the assay.
2.3.
Analytical methods
Microalgae biomass was measured daily by optical density at 680 nm (OD 680 The crude protein concentration of microalgae was estimated by Equation (1), where the nitrogen content (% dw) was multiplied by 6.25 (Becker et al., 1994; Fuentes et al., 2000; Ho et al., 2010) .
Crude proteinð%Þ ¼ 6:25% N
Lipid content of the biomass was determined in duplicate. Lipids were extracted according to a modified method reported by Takagi et al. (2006) and Wiltshire et al. (2000) . To 90 mg of lyophilized pellets, 12 ml of 2:1 trichloromethane:methanol mixture and 0.6 g of analytical grade quartz were added, and the mixture was sonicated in a bath (60 kHz; 360 W) for 90 min. The extraction was performed twice and the two extracts were mixed, centrifuged and filtered to ensure quartz separation. The filtrate was evaporated under reduced pressure (2.93 psi) in a rotary evaporator. The remainder was dried at 100e105 C for 12 h and weighed, as the total lipids.
Determination of growth kinetic parameters
The Verhulst logistic kinetic model (Verhulst, 1838 ) was used to model the evolution of the experimental biomass concentration in the reactors. The model is a substrate-independent equation and can accurately describe biomass growth in the different culture conditions which occur in many batch bioreactors (Gong and Lun, 1996) . According to the model, the microbial growth can be expressed as a sinusoidal curve, as described by Equation (2).
Integrating this equation, we get Equation (3), where, m max is the maximum specific growth rate (d À1 ), X max , X 0 and X are the concentration of biomass (g L
À1
) at an operating time equal to infinity, zero and t respectively.
Productivity is an important parameter to consider in the technology for cultivating microalgae, as it shows the capacity of a reactor to produce biomass under specific operating conditions. Firstly the overall productivity (P overall ) calculated according to the Equation (4),
where X max is the maximum final concentration achieved at the end of the experiment, and is the highest asymptotic value of the sinusoidal growth curve; X 0 is the initial biomass concentration in mg L À1 ; t m is the time required to reach X max ; and t 0 is equal to zero. For many authors this is the equation most frequently applied (Ho et al., 2010; Ho et al., 2011; Tang et al., 2011) , and it takes into account only the experimental data.
To estimate productivity with a new methodology, the lag phase should be minimized or not be considered, because this is an extremely variable phase of growth that depends not only on the experimental conditions, but also on the experimental methodology, such as the initial inoculum concentration used and how this inoculum was obtained. Therefore the inclusion of the lag phase in productivity calculations leads to a wide and unnecessary dispersion of productivity data between authors. As stated in many guidelines for testing biodegradability (e.g. OECD, 2004) , the lag phase is considered as the time elapsed until 10% of the total biodegradation has been reached. In this work, that consideration could be comparable to an increase of 10% in the initial biomass concentration in the reactor (X 10 ¼ 1.1$X 0 ). Therefore t 10 is the time required to reach X 10 , and t 90 is the time required to reach X 90 (X 90 ¼ 0.9$X max ) ( Table 2) . From Equation (4) an expression is obtained for the time as a function of biomass concentrations (Equation (5)). 
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With this equation t 90 and t 10 can be obtained (Equations (6) and (7)).
Considering that productivity in the exponential growth period in the batch photobioreactor could be approximated to Equation (8).
by the combination of Equations (6)e (8), an expression is obtained that relates productivity with the kinetic parameters (m, t 10 , t 90 ) (Equation (9)).
Kinetic parameters for nutrient removal
To compare the kinetics for nitrogen and phosphorus removal, a calculation has been made of the time required to reach 10 mg L À1 (SN) and 1 mg L À1 (PePO 3À 4 ) (the most restrictive concentrations in European Union Directive 98/15/ CE concerning requirements of N and P in the effluents permitted from urban wastewater treatment). In order to obtain these times, phosphorous and nitrogen consumption has been modeled according to the Quiroga-Sales kinetic model for substrate consumption by microorganisms in batch reactors (Equation (10)) (Quiroga et al., 1999) .
In this equation, S is the substrate concentration in the medium (nitrogen or phosphorous) (mg L
À1
) and K 2 , K 1 , and K 0 are kinetic constants.
Determination of carbon dioxide biofixation rate
In accordance with the method described by De Morais and Costa (2007a,b) , the carbon dioxide biofixation rate ðP CO2 Þ was calculated using Equation (11),
where %C is the carbon content in dried biomass obtained by elementary analysis; P b is the batch productivity; and MW CO 2 and MW C are the molecular weight of CO 2 and C respectively.
Statistical analysis
Non-linear regression for data kinetic modeling was performed using the software STATISTICA 6.0 (StatSoft Company). The Quasi-Newton method of estimation was used, with a convergence criterion of 10 À4 . A confidence interval of p 0.05 was calculated using Equation (12), where x is the mean, d is the standard deviation, n is the sample size and t (a/2) is the t critical value.
3.
Results and discussion 3.1. Biomass growth rate Fig. 1 shows biomass evolution in all the assays conducted. As can be observed, it was confirmed that all the strains grow in both culture media with the addition of 5% CO 2 in air. The typical evolution in four phases of a batch culture was observed in all the assays: (1) there was an initial period of physiological adjustment (lag phase) due to changes in nutrient or culture conditions (this phase in all the tests was less than 25 h, except for C. vulgaris in synthetic wastewater (CvSW) for which the lag phase was longer (50 h); (2) an accelerating growth phase where the cells begin to grow and multiply once they were adapted to the new environment; (3) an exponential growth phase characterized by cell doubling and biomass growth at a constant rate; and finally, (4) a stationary phase where biomass growth rate was practically zero as a result of nutrient depletion in the culture medium. All the 
, time to reach 90% of Xmax (t 90 , h), and time to reach 110% of Xo (t 10 , h) of S. obliquus (Sc), C. Vulgaris (Cv), C. Kessleri (Ck) and Natural Bloom (BL) cultivated in wastewater (WW) and synthetic wastewater (SW) with addition of 5% CO 2 in air, obtained by the Verhulst logistic model (1838). 
strains cultivated show a similar biomass concentration in WW and SW, except for Cv which grew better in WW than in SW.
At the beginning of the experiments all the reactors shows a drop in the pH (data not presented) associated with the CO 2 injection; then as the trial progresses an increase of pH occurs, except in the control reactors CtrSW and CtrWW. In the control reactors, pH suffers an initial drop from 6.25 to 5.78 for CtrSW, and from 7.15 to 6.73 for CtrWW but it does not rise subsequently, as in the inoculated assays. In both cases this pH behavior is because of the formation of carbonic acid in water as the result of the CO 2 injection. Once the culture begins to grow, the CO 2 consumption rate increases, as well as the inorganic carbon consumption kinetic; so in those reactors with biomass growth the pH increases.
Modeled data (Fig. 1) showed a good fit between experimental data (symbols) and the predicted values obtained with the Verhulst model (lines). In all the experiments the regression coefficient (r 2 ) was higher than 0.978 (Table 2) . Regarding the final biomass concentration achieved (X max ) ( 3.1.1. Productivity Table 2 present productivities obtained from experimental data in the assays, using the two calculation procedures compared in Section 2.4. Results indicate that there were significant differences between P overall and P B ; in fact, P B was between 24 and 38% higher than P overall in all the assays. The smallest difference was found in CvWW since that assay recorded the lowest specific growth rate measured (0.480 AE 0.144 d
À1
). It is important to note that almost all the strains (except CvWW) showed a similar difference (29e35%) between P b and P overall in the two culture media tested. This was probably because no significant differences in growth rate were observed between strains or between culture media.
The new method proposed for calculating productivity, where the lag and stationary phases are minimized or even excluded, gives more homogeneous results, since the wide dispersion of data in respect of these two phases is prevented. For this reason, by excluding the unnecessary data from the calculation, we obtained higher values of productivity in comparison with the classic method of calculation (P overall ); this shows the real potential of the microalgae for biomass generation. In fact, when microalgae productivities values obtained in batch reactors by different authors are consulted, a great dispersion can be appreciated. This dispersion of productivities between different authors are due to the wide variety of experimental conditions used: light intensity, light dark cycles, culture medium, species of microalgae, temperature, aeration, source and proportion of carbon dioxide, type of photobiorector, etc, but one of the most crucial source of variation lies in the way of calculating the productivity, which is strongly related with the variety of criteria used to stop the experiments. The use of a homogeneous, easy and realistic procedure for productivities calculation, as the proposed one, could contribute to the reduction of productivities data dispersion and facilitate comparison of data from different authors (Arbib et al., 2013) .
Nutrient removal
Figs. 2 and 3 represents the evolution of total nitrogen and total phosphorus concentration during the experiments.
Nitrogen removal
Regarding removal of total dissolved nitrogen (SN: NeNO Fig. 2 shows that at the end of the experiments, in all the reactors the removal was higher than 90% except for BlSW (Fig. 2D) where it was slightly lower, at 79%. This behavior is to be expected since Bl was isolated from 
downstream of the WWTP and therefore it was more acclimated to WW than to SW. All the strains studied were able to remove the total nitrogen from the wastewater, and no significant differences were observed between the two different culture media. In control reactors, no removal was appreciated; therefore total nitrogen depletion observed in bioreactors was due to biological processes (Arbib et al., 2012) . It Is noteworthy to note that as the pH was maintained at low levels by the addition of CO 2 , no NH 3 inhibition took place during the tests, NH 3 inhibition has been described as one of the most important selection criteria for microalgae in WW field due to the low tolerance of some species and the relative high concentration of this compound in some kind of wastewaters (de Godos et al., 2010) .
During the course of the trial, the experimental data (symbols) corresponded well to the model applied for nutrient removal. In all the reactors R 2 was higher than 0.969 (Table 4) .
It can be appreciated in Table 4 that, for the four species tested, the time required to reach 10 mg l À1 N (t 10N ) was higher in synthetic than in wastewater (Ruiz et al., 2011; Arbib et al., 2012) , which demonstrate again the great capability of microalgae in growing in WW. Between species, t 10N was very similar except for BlSW with the slower nitrogen uptake kinetic (101.6 h).
Phosphorus removal
For phosphorus (Fig. 3) , the behavior observed is similar to that for total nitrogen removal. At the end of the experiments phosphorous removal in all the assays was higher than 98%. As in the case of nitrogen, in the control reactors no phosphorous removal was observed, so only biological processes are involved in the bioreactors (Arbib et al., 2012) .
It is noteworthy that after the first 25 h of the assays the phosphorous concentration suffers a sudden drop. This initial drop implies the removal of up to 20% of the total. For CkSW and ScSW this initial removal was slightly higher, at 25% for both. According to several authors (Boyd and Musig, 1981; Okada et al, 2004; Khummongkol et al., 1982; El Yousri, 1995; Arbib et al., 2012) this drop can be attributed to two different processes: (1) Precipitation and deposition at the bottom of the reactor due to a high pH (above 9); and/or (2) adsorption to the microalgae cell wall and subsequent assimilation. However because this initial drop was not observed in the control reactors (Fig. 3) and the pH during the entire assay was below 9 in all the reactors (data not presented), it can be concluded there is no removal due to a precipitation process; therefore the initial large percentage drop in phosphorous concentration was attributed to the adsorption to the microalgae cell wall.
As for total nitrogen, the experimental data of phosphorus consumption (Fig. 3) showed a good fit to the kinetic model applied for nutrient uptake (R 2 > 0.911) ( Table 4 ). The time needed to reach the discharge limit for P (t 1P ¼ 1 mg L
À1
) is presented in Table 4 . In WW the t 1P was lower than in SW, except for C. Kessleri where the t 1P was 80.5 and 88.7 for SW and WW respectively, this results indicate again the great capability of different microalgae strain in growing in WW.
An important point to note regarding the nutrient removal capability, is that the time needed to reach the two discharge limits (t 1P and t 10N ) was comparable in all the reactors (Table  4 ). Therefore our study shows that the simultaneous removal of nitrogen and phosphorus to below the most restrictive limits for effluent discharge can be achieved. Hence, in the operating conditions employed in these assays, neither nitrogen nor phosphorus assimilation kinetics limit the overall process.
3.3.
Biomass composition Table 5 presents the biomass composition for the four microalgae studied. Regarding the percentage of carbon in the biomass, it can be seen that there were significant differences between strains. The maximum was obtained in CvSW (56.6 AE 2.5% C) and the minimum in BLWW (46.5 AE 0.7% C). But no significant differences were observed between the two media tested for each strain. For example, for ScWW and ScSW the values obtained were 47.8 AE 0.2%C and 48.8 AE 0.9% C respectively. The total lipids content (also in Table 5 ) from the microalgae cultivated in this study ranged from 18.50 AE 2.22% to 29.55 AE 2.55% of the dry weight. It can be appreciated that there were no significant differences in lipid content between the two culture media tested for each strain, as the nutrient concentrations (nitrogen and phosphorous) were similar in WW and SW, and the culture conditions were also the same. Lipid content of biomass from Bl was the highest in both Strain and culture mé dium (Chisti, 2007) .
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The lowest crude protein content (Table 5) was observed for S. obliquus in both cultures (16.25 AE 3.12% and 15.62 AE 1.87% for ScWW and ScSW respectively), and in Chlorella strains there were no differences between the two strains tested in the two culture media.
Carbon dioxide biofixation capacity
Batch productivity (P B ) ( Table 2 ) and carbon content in biomass (Table 5) were used to calculate the kinetic parameters related to the carbon dioxide fixation (De Morais and Costa, 2007b; Tang et al., 2011) . Those parameters were: P CO2 (g CO 2 L À1 d
À1
) and Y CO2 (g CO 2 g SS À1 ) ( Table 5 ). P CO2 was also calculated by the typical molecular formula of microalgal biomass CO 0.48 H 1.83 N 0.11 P 0.01 , according to Equation (11) (De Morais and Costa, 2007a,b) .
The yield coefficient ðY CO2 Þ obtained ranged between 1.705 and 2.010 g CO 2 g SS À1 (Table 5 ). Values were similar to those obtained by other authors for different microalgae species. Scragg et al. (2002) .
The yield coefficient for Scenedesmus obliquus was 1.931 and 1.771 g CO 2 g SS À1 respectively
when it was cultivated in wastewater in summer and winter (Gomez-Villa et al., 2005) . It is noteworthy that the Y CO2 obtained was close to 1.88, the constant used in the equation of Chisti (See Table 5 ). This value is directly related to the carbon percentage in the biomass dry weight. With respect to the P CO2 , it can be appreciated that differences between the P CO2 obtained through kinetic parameters and the equation of Chisti ðP Ã CO2 Þ are very small, between (10.4% and À1.1%)
Conclusions
All the strains tested were able to grow in wastewater media. No significant differences in the maximum biomass concentration were found when Scenedesmus obliquus, Chlorella kessleri and the natural bloom were cultured in either synthetic or actual wastewater media. A new procedure (P B ) for calculating the productivity of a batch reactor has been proposed, in order to avoid data variations, although an established procedure (P overall ) was also used in these experiments, In all the assays P B was between 24 and 38% higher than P overall . All four species tested have high potential for removing nitrogen and phosphorous from urban wastewater, to levels even lower than the most restrictive currently imposed (Directive 98/15/CE). Results indicate that the time needed to reach the stipulated limits for removal of both nutrients (t 1P and t 10N ) were comparable in all the reactors. This means that the simultaneous photobiological removal of Nitrogen and Phosphorus from wastewater is technically feasible.
No influence of the culture media was observed in relation to the carbon dioxide biofixation capacity. This parameter ðP CO2 Þ was related more closely with the strain tested. Those strains with higher biomass productivities (Scenedesmus obliquus and the bloom) were also the ones with higher CO 2 biofixation kinetics, as biomass carbon content was very similar between experiments.
